We present analytical calculations of the electronic spin-orbit interaction contribution to nuclear magnetic shielding tensors using linear and quadratic response theory. The effects of the Fermi contact and the spin-dipole interactions with both the one-and two-electron spin-orbit Hamiltonians, included as first-order perturbations, are studied for the H 2 X ͑XϭO, S, Se, and Te͒, HX ͑XϭF, Cl, Br, and I͒, and CH 3 X ͑XϭF, Cl, Br, and I͒ systems using nonrelativistic multiconfiguration self-consistent field reference states. We also present the first correlated study of the spin-orbit-induced contributions to shielding tensors arising from the magnetic field dependence of the spin-orbit Hamiltonian. While the terms usually considered are formally calculated using third-order perturbation theory, the magnetic-field dependent spin-orbit Hamiltonian requires a second-order calculation only. For the hydrogen chalcogenides, we show that contributions often neglected in studies of spin-orbit effects on nuclear shieldings, the spin-dipole coupling mechanism and the coupling of the two-electron spin-orbit Hamiltonian to the Fermi-contact operator, are important for the spin-orbit effect on the heavy-atom shielding, adding up to about half the value of the one-electron spin-orbit interaction with the Fermi-contact contribution. Whereas the second-order spin-orbit-induced shieldings of light ligands are small, the effect is larger for the heavy nuclei themselves and of opposite sign compared to the third-order contribution.
I. INTRODUCTION
Relativistic effects on the spectral parameters of nuclear magnetic resonance ͑NMR͒ spectroscopy have in recent years attracted much interest. Among the molecular properties that may be obtained from electronic structure calculations, the NMR parameters are particularly sensitive to relativistic effects since they have substantial contributions from the atomic core region where the electrons have high velocity. 1 The relativistic effects may be categorized as arising from the scalar relativistic interactions-that is, the mass velocity and Darwin terms in the Breit-Pauli Hamiltonianand the effects due to the one-and two-electron spin-orbit ͑SO͒ interactions, H SO (1) and H SO (2) , respectively. 2 In particular, the SO interaction has been shown to be the main cause of the heavy-atom chemical shift of light nuclei in molecules containing heavy elements. [3] [4] [5] These effects can be of substantial size, as exemplified by the relativistic increase of 12 ppm for the 1 H shielding constant in the HI molecule, 6 ,7 a shift comparable to the full proton chemical shift range. Furthermore, it has been shown that both the effect of rovibrational motion on nuclear shieldings 8 and the orientation of the shielding tensor 4, 9 can change both quantitatively as well as qualitatively when spin-orbit effects are taken into account.
In fully relativistic four-component calculations both scalar relativistic and SO effects are incorporated. 1 However, the first ab initio calculations using four-component methods are only slowly beginning to emerge. 10 A computationally more attractive alternative may be to evaluate these properties using perturbation theory. Scalar relativistic effects have been treated using quasirelativistic effective core potentials on the heavy atoms, 11 a Breit-Pauli-type Hamiltonian with a relativistic frozen core, 12 and the Douglas-Kroll transformation of the no-pair Hamiltonian. 13, 14 In the present work we concentrate on the SO interaction that, in triple perturbation theory, couples the singlet ground state with triplet excited states, allowing interactions with the Fermi-contact ͑FC͒ or spin-dipole ͑SD͒ operators that contain both the nuclear and electronic spins. Several first principles computational methods based on a nonrelativistic reference state have recently been presented for the calculation of the SO contribution to the nuclear shielding tensor K . For this quantity, the orbital Zeeman interaction H B 0 provides the coupling to the external a͒ Author to whom correspondence should be addressed; Present address: Max-Planck-Institut für Festkörperforschung, Heisenbergstrasse magnetic field and is the third perturbation operator present. Implementations at the unrestricted Hartree-Fock ͑UHF͒, 15 density-functional theory ͑DFT͒, 16, 17 and multiconfiguration self-consistent field ͑MCSCF͒ 6 levels have been reported. In the first two approaches, the zeroth-order self-consistent Hamiltonian includes either the SO 15, 17 or the FC 16 operators as a finite perturbation, and the SO contribution to the shielding is then obtained by finite difference of the second-order perturbation results obtained using the remaining interactions. Furthermore, only the terms corresponding to the oneelectron part of the SO Hamiltonian have been considered in these implementations. These methods have been used to study a number of systems where spin-orbit interactions on nuclear shielding have proved important. 5, 9, 13, 18, 19 In contrast, Ref. 6 presented the theory for a fully analytical approach for the calculation of the one-and twoelectron SO corrections through coupling with the FC and SD interactions using quadratic response theory. 20 That work reported the first calculations, also at the correlated level, of all the four contributions FC͑1͒, FC͑2͒, SD͑1͒, and SD͑2͒ that enter the third-order SO correction to -that is, where either the FC or the SD operator interacts with H SO (1) or H SO (2) . The DFT method of Malkin and co-workers has also recently been extended to include the FC͑2͒ term both explicitly using two-electron SO integrals and through a very effective mean-field approximation to the total SO interaction, in which the full SO operator is approximated by a one-electron, one-center operator. 21 Fukui, Baba, and Inomata 22 noted that the vector potential corresponding to the external magnetic field also contributes to the spin-orbit Hamiltonian, and that there is a SO effect on the nuclear shielding that can be calculated using a formally second-order perturbation expression. Using the nomenclature of triple perturbation theory, the energy terms corresponding to the third-order SO shielding effect are of the type ͗ (100) ͉H (001) ͉ (010) ͘, where the first, second, and third indices specify the order of the wave function and perturbation Hamiltonian H in the external magnetic field, the field of the nuclear magnetic moment, and relativity ͑un-derstood in terms of a power series expansion in ␣ 2 , where ␣ is the fine structure constant͒, respectively. The terms introduced in Ref. 22 
operates on the wave function perturbed either by the FC or SD interaction at the nucleus in question. Fukui et al. demonstrated that these terms have to be included for a consistent SO correction to the nuclear shielding tensor to O(␣ 4 ). They also showed that the sum of the second-and third-order SO terms is gauge-invariant in the limit of a complete basis set, but that the individual contributions are not. It should be noted that in both classes of terms, the SO interaction itself is treated up to first order in ␣ 2 only. In this paper we introduce a linear response formulation for the second-order terms arising from the magnetic field dependence of the SO Hamiltonian, together with the quadratic response formulation of Ref. 6 , to calculate the relativistic spin-orbit interaction contributions to the nuclear shielding tensor. We will pay special attention to the importance of the second-order terms compared to the third-order contributions. We start by giving a brief account of the theory used, formulated in terms of analytical linear and quadratic response expressions, and then use SCF and MCSCF ab initio reference wave functions to calculate these SO corrections to the shielding tensors in the H 2 X ͑XϭO, S, Se, Te͒, HX ͑XϭF, Cl, Br, I͒, and CH 3 X ͑XϭF, Cl, Br, I͒ systems.
II. THEORY

A. Third-order SO contributions
The nuclear shielding tensor K couples the nuclear magnetic moment K ϭ␥ K បI K -where ␥ K and I K are the gyromagnetic ratio and spin of nucleus K, respectively, to the external magnetic field B 0 . The Cartesian ⑀ component of the tensor is
where E( K ,B 0 ) is the energy of the molecule. In the nonrelativistic framework, the tensor has two contributions
where the diamagnetic term K d is a ground-state expectation value. The paramagnetic term K p , being a second-order property, can be calculated as a linear response function.
When formulating relativistic SO interaction corrections to K , it has been customary to use the field-free SO Hamiltonian
where g e is the electron g factor, Z L e is the charge of nucleus L, s i is the spin of electron i, l iL is the angular momentum of electron i with respect to the position of nucleus L, and l i j is the corresponding angular momentum with respect to the position of electron j. The other symbols have their usual meanings. The first-order perturbation operators corresponding to perturbations due to K and B 0 are:
For simplicity, we have condensed the H (abc) notation of the triple perturbation theory to H (aϩb) , with the third index being implicitly understood where appropriate. The third-order perturbation theory expression reads
͑4͒
which is expressed analytically as a quadratic response function. 20 Due to the spin rank of the perturbations, at least one of the summations over intermediate states k and m runs over triplet excited states. 
respectively, where ␦(r iK ) is the Dirac delta function centered on nucleus K. Listing the contributions due to H SO (1) and H SO(2) separately, the field-free SO interaction gives rise to four third-order correction terms to K,⑀ ,
where the one-and two-electron FC terms are
͑9͒
We have here used the second-quantized forms of the FC, one-and two-electron SO, and orbital Zeeman operators The SD terms
͑15͒
involve the summation over the electronic spin components , and the second-quantized SD operator is
The numerical prefactor in both Eqs. ͑9͒ and ͑15͒ is
B. Second-order SO contributions So far we have neglected the magnetic field dependence of H SO . However, using the common substitution 23 Ϫiបٌ i ⇒Ϫiបٌ i ϩeA 0 ͑ r i ͒ ͑18͒
in the expression for the field-independent spin-orbit Hamiltonian, Eq. ͑3͒, we introduce the external field through the angular momentum operators
The part of the vector potential that is related to the external magnetic field
causes the SO operator to contain two contributions
, ͑21͒ where H SO (0) is the field-free operator of Eq. ͑3͒, and where H SO,B 0 (1) is linear in both B 0 and ␣ 2 . In the notation of triple
is a H (101) term. It is worth noticing that the magnetic vector potential also contains a term that includes the nuclear magnetic moment, giving rise to a H (011) type Hamiltonian. This perturbation gives rise to second-order SO contributions to indirect spin-spin coupling constants. However, this is discussed in more detail in a separate paper. 24 The magnetic field-dependent term H SO,B 0
(1) ϭD V Ј ͑with V ЈϭB 0, ͒ gives second-order contributions to the shielding that can, similar to the paramagnetic part of the nonrelativistic shielding tensor, be expressed as linear response functions
where A ⑀ V ⑀ is either the FC or the SD operator referring to I K,⑀ , and n T are triplet excited states. Including the field dependence in the SO operator, the total SO correction to the shielding tensor is
where four linear response terms enter the second-order correction
The FC-II terms are
where the second-quantized forms of the H SO,B 0 (n) (1) operators read
͑27͒
The corresponding SD-II terms are
The integral in Eq. ͑26͒ can easily be evaluated, being the diamagnetic contribution to the nuclear shielding, summed over all nuclei in the molecule, and it thus requires only a small change to our existing one-electron integral code. The two-electron integral in Eq. ͑27͒ is similar to the integrals often referred to as gauge corrections in work on electronic g tensors. 25 By the introduction of the fielddependent contribution to the SO Hamiltonian, we may in a sense talk of a dia-and a paramagnetic contribution to the SO correction to the nuclear shielding tensors.
The H SO (0) and H SO,B 0 (1) parts of the SO Hamiltonian, both being second order in ␣, will both lead to an O(␣ 4 ) contribution to the shielding in the respective SO 27 and the triplet linear response function needed for the second-order corrections was presented and implemented in Ref. 28 . In the present paper, we will restrict ourselves to investigating the one-electron terms K FC-II (1) and K SD-II(1) .
III. AB INITIO CALCULATIONS
Calculations of the nonrelativistic shielding tensors were carried out for the H 2 X ͑XϭO, S, Se, Te͒, HX ͑XϭF, Cl, Br, I͒, and CH 3 X ͑XϭF, Cl, Br, I͒ molecules using London atomic orbitals as described in Ref. 29 . The full third-order SO corrections of Eq. ͑8͒ and the second-order corrections FC-II(1) and SD-II (1) in Eq. ͑24͒ were calculated using a common gauge origin placed at the X nucleus.
The equilibrium geometries used for the H 2 X systems are collected in Table I , whereas the geometries used for the HX and CH 3 X systems are listed in 35 and denoted H II, H III, and H IV, were used for H, O, and S, as described in more detail in Table II for the H 2 X series. The corresponding primary Se and Te basis sets were obtained from Ref. 36 . In addition to these basis sets, we have used basis sets where the fully uncontracted H IV set was supplemented with tight primitives for each type of angular momentum that is occupied in the respective free atoms-that is, s-type functions for H, s-and p-types for O and S, and s-, p-, and d types for Se and Te. The exponents were obtained by successive multiplication of the highest existing exponent by a factor of 3. We denote these sets with n groups of tight primitives added as H IVun. The calculations on the HX and CH 3 X systems were performed using the H IVu3 and H IIu4 pIII sets, respectively, as described in Ref. 6 .
We have used SCF and complete active space ͑CAS͒ MCSCF wave functions for the H 2 X molecules, including in the active space six orbitals of A 1 symmetry, three of B 1 symmetry, three of B 2 symmetry and one orbital of A 2 symmetry, and we label this CAS wave function as CAS 6331 . A CAS 6331 and a restricted active space ͑RAS͒ wave function were used for the HX and CH 3 X molecules, respectively, as detailed in Ref. 6 .
All calculations have been carried out using the DALTON quantum chemistry program.
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IV. RESULTS AND DISCUSSION
A. H 2 X "X‫؍‬O, S, Se, Te…
The calculated nonrelativistic and spin-orbit corrected 1 H and X shielding constants of the H 2 X molecules are collected in Table III . The nonrelativistic shieldings are converged to within 1% or better using the H IV basis set ͑not shown͒. The addition of tight primitive functions does not alter the results. Whereas H nr are unaffected by electron correlation, as seen when comparing the SCF and CAS results obtained with the H IVu3 basis, the shielding constants of the heavy ͑X͒ nuclei increase by 4%-6% at the CAS level.
The third-order SO contributions SO-I to the 1 H and X shielding constants are listed in Tables IV and V, respectively. The results for hydrogen parallel those observed for the HX ͑XϭF, Cl, Br, I͒ series. 6 A better basis set leads to a slight increase in H SO-I , mainly due to the sensitivity of the FC contributions. With our biggest basis sets ͑H IVu4 for H 2 O, H 2 S, and H 2 Se, and H IVu3 for H 2 Te͒ the results are almost converged. Electron correlation decreases the thirdorder SO correction by about 30%. The signs and magnitudes of the individual contributions to H SO-I are similar to those of the HX series, which means that the FC͑2͒ and SD͑1͒ terms partially cancel. The SO effects on hydrogen in the H 2 X series are 30%-50% smaller than those in the corresponding hydrogen halides. This is an expected result, as the third-order SO shift of light ligands has been shown to be proportional to the number of -type lone pairs on the heavy atom. 9 Nevertheless, the increases of 2.6 and 8.0 ppm in H for H 2 Se and H 2 Te, respectively, are experimentally significant.
For the shielding constants of the X nuclei in the H 2 X series, there are also similarities to observations made for the halogen shieldings in the hydrogen halides. Contrary to the 1 H shielding, X SO-I decreases slightly when the basis set is improved, in particular the SD͑1͒ term that changes by 5% when going from H IVu3 to H IVu4. The SD terms are seen to require the addition of tight functions to the basis. Electron correlation decreases the FC terms by less than 10%, while there is a very substantial change in the SD terms from the SCF to the CAS calculations. The increase of SD͑1͒ by more than an order of magnitude for the H 2 X series is different from what is observed for the hydrogen halides. 6 The relative magnitude of the individual contributions to X also differs from the hydrogen halides, 6 as the significance of contributions other than the leading FC͑1͒ correction is enhanced for the H 2 X series. The absolute magnitude of the SD͑1͒ term is about one third of the FC͑1͒ term for H 2 Te ͑and a bit smaller for the lighter members of the series͒, in contrast to one tenth which was the case for HI. More importantly, the FC͑2͒, SD͑1͒, and SD͑2͒ all have the same negative sign, giving no such cancellation of the non-FC͑1͒ terms that was observed in the HX series. Approximating the full third-order correction of the Te shielding constant in H 2 Te only with the FC͑1͒ term or the sum of the FC͑1͒ and FC͑2͒ contributions leads to a gross overestimation of the SO effect by a factor of 2 or more. The total heavy-atom shielding effect on the heavy atom itself ͑a HAHA effect 45 ͒ due to the third-order SO terms is, in the H 2 X series, roughly one third of the effect for the hydrogen halides. As the behavior of the HAHA effect is seen to vary from one group of the periodic table to another, general conclusions about the significance and cancellation of the individual correction terms cannot be drawn on the basis of calculations for the hydrogen halide series only. It is also worth noticing that the SCF calculations do not faithfully represent the relative importance of the different contributions to the full third-order SO effect, and calculation at the correlated level appears to be necessary even for deciding on the relative importance of the different terms.
The calculated second-order SO corrections SO-II to the 1 H and X shielding constants are collected in Table VI . In general, the second-order SO shielding effect due to the heavy atom on the neighboring hydrogen nucleus is negligible. The effects of other computational approximations, in particular the lack of rovibrational corrections, are far larger than the H SO-II contribution. The SD-II͑1͒ terms are very small compared to the FC-II͑1͒ terms, and it appears likely that the two-electron terms neglected here will not be of any importance for the 1 H shielding constants. The net secondorder effect for hydrogen is towards increased shielding, similar to the third-order effect. Whereas the sensitivity of H SO-II to electron correlation is similar to that of H SO-I , the basis set dependence is less severe than for the third-order corrections.
For the shielding constant of the heavy nucleus X, the basis-set dependence of the FC-II͑1͒ term is moderate, with increasingly more negative shielding as the basis set is improved. As for the corresponding third-order effect, the SD term is sensitive to the presence of tight functions in the basis set. In contrast, electron correlation does not have any significant effect on the second-order terms. The FC-II͑1͒ and SD-II͑1͒ terms have opposite signs, and their magnitudes indicate that it may be necessary to include also the respective two-electron terms in very accurate calculations.
The second-order SO effect on X is much more important than was the case for hydrogen. The X SO-II contribution is of the opposite sign ͑deshielding͒ of the third-order effect, leading to a partial cancellation in the total SO correction. As the second-order effect is the larger of the two, the net effect is a deshielding of the heavy atom. The neglect of the X SO-II terms, which are easier to calculate than the third-order corrections, thus leads to a wrong sign for the HAHA effect ͓Fig. 1͑a͔͒.
It is worth noticing that for the shielding of closed-shell atoms or ions, the contribution of the third-order effect is zero by symmetry since the wave function of an atom is an eigenfunction of the orbital Zeeman operator in Eq. ͑5͒. This is not the case for the second-order term, and free noble gas atoms are thus deshielded by the SO-II contribution. The importance of the SO corrections in comparison with the nonrelativistic shieldings for both the 1 H and X nuclei in the H 2 X series ͑XϭO, S, Se, Te͒ is indicated in Table III , and Fig. 2 illustrates the total 1 H shielding constant in the series. As in the HX ͑XϭF, Cl, Br, I͒ series, nonrelativistic theory leads to a drastic underestimation of H for the heavier X elements. The shieldings corrected for SO effects are in good agreement with experiment for XϭO, S, and Se, taking into account that rovibrational effects have not been considered here. For H 2 O, these effects are known to give a deshielding of 0.5 ppm. 38 On the basis of the observations made for the hydrogen halide series, we expect a smaller negative rovibrational contribution for H 2 S, a small positive correction ͑increased shielding͒ for H 2 Se, and a sizable positive correction for H 2 Te. 8 An experimental H value for H 2 Te would be interesting.
The incorporation of SO effects does not generally lead to an improved agreement with experiment for the X shielding constants in the H 2 X series ͑Table III͒. The calculated X tot are rather good for H 2 O and H 2 S where significant relativistic effects are not to be expected-keeping in mind that 38 and that a deshielding effect roughly twice as large as that of oxygen can be anticipated for 33 S due to the thermal motion. 41 For 17 O in H 2 O, the use of a better correlated wave function than CAS 6331 leads to another deshielding effect of 4 ppm, 38 and effects due to the inadequacy of the basic CAS electron correlation treatment are most likely present for the heavier members of the H 2 X series as well. 46 For H 2 Se and H 2 Te, the experimental results are based on absolute 77 Se and Te shielding scales that contain approximate relativistic corrections of ϩ300 and ϩ1220 ppm, respectively. 43 According to the fully relativistic atomic DFT calculations referred to in Refs. 47 and 44, these corrections may be overestimated by 230 and 945 ppm, respectively. Taking this into account would bring the experimental results much closer to our numbers. Definite conclusions would, however, require a more careful revisitation of the experimental shielding scales. Our calculations neglect scalar relativistic effects, which are expected to give a significant contribution to the heavy-atom shieldings. For Te, the latter have been estimated at the DFT level to range from ϩ60 to ϩ190 ppm in various Te-containing compounds. 33 ͑close to the direction of the XH bond͒, is increased only slightly by the SO effects, the least shielded and particularly the intermediate component experiences larger increases. At the same time, the direction of 33 turns more parallel to the molecular twofold axis.
For X , there is an increase in the shielding anisotropy due to the SO-I terms ranging from 1% for H 2 O to 18% for H 2 Te. In contrast, the second-order terms are very isotropic and contribute essentially nothing to ⌬ X . The relative magnitude of ⌬ X SO-I is larger than in the hydrogen halide series, where the largest effect is ϩ3% for HI. 6 As for 1 H, no changes in the order of the principal values of the X shielding tensors occur as a result of SO effects in the H 2 X series; the main effect is the increase of the principal value in the most shielded direction.
B. HX and CH 3 X "X‫؍‬F, Cl, Br, I… For both the HX and the CH 3 X systems, the nonrelativistic contributions and the third-order SO effects have been taken from Ref. 6 , and we refer to this paper for a discussion of these results. Table VIII lists the calculated nonrelativistic, third-order SO-induced, and second-order SO-induced contributions to the 1 H and X shielding constants in the hydrogen halides. For the 1 H shielding constants of the hydrogen halides, the second-order contributions are very small, as was the case for the hydrogen chalcogenide series. For the X nucleus, the second-order terms are again of opposite sign of the thirdorder terms, but this time the two contributions have slightly more comparable magnitude. Figure 1͑b͒ illustrates the cancellation of the two contributions to the HAHA effect in the hydrogen halides.
The UHF results of Fukui et al. 22 for the FC-II(1) term are also listed in Table VIII . The present CAS results are in a very good agreement with the UHF numbers, consistent with the observation that correlation effects are not important for the second-order SO effect on the shielding.
Experiment and theory are in an excellent agreement for 1 H, as discussed earlier. 6 This appears also to be the case for X . However, the comparison of calculated heavy-atom shielding constants with experiment is complicated by the fact that the available absolute shieldings for the heavy ele-TABLE VII. Calculated anisotropies ⌬ ͑in ppm͒ and asymmetry parameters of the nuclear shielding tensors in the H 2 X series ͑XϭO, S, Se, Te͒.
The nonrelativistic values ͑nr͒, the shieldings corrected for the third-order spin-orbit contributions (nrϩSO-I), and the shieldings corrected for both third-and second-order spin-orbit contributions ͑tot͒ are shown. ments are based mainly on experimental spin-rotation constants, which have been converted to shieldings using nonrelativistic second-order perturbation theory. As the necessary diamagnetic shielding constant is not obtainable from experiment, a comparison with relativistically corrected calculations may be meaningless. The 13 C shielding constants in the CH 3 X series are collected in Table IX . The second-order SO effect is dominated by the FC mechanism, as was the case for 1 H in the other two series of molecules. The magnitude of the individual terms is constant in the entire XϭF, Cl, Br, I series, and the total effect is a deshielding of about 0.45 ppm. Such a small contribution is masked by the approximations in the correlation treatment and the lack of rovibrational corrections, and a comparison of the 13 C shielding constants with experiment is therefore not affected by the inclusion of the second-order SO terms. This also holds for the 1 H and X shielding anisotropies in the hydrogen halides and the 13 C anisotropy in the methyl halides, which are shown in Table X ͑for comparison with experimental values, see Tables V and VIII of  Ref. 6͒. According to these results, the second-order SO contribution to the shielding tensor can be considered an isotropic HAHA effect.
V. CONCLUSIONS
We have presented the theory and correlated ab initio calculations of relativistic corrections to nuclear shielding tensors due to SO interaction, taken as a first-order perturbation, in the H 2 X ͑XϭO, S, Se, Te͒, HX, and CH 3 X ͑XϭF, Cl, Br, I͒ series of molecules. All contributions to the thirdorder shielding corrections due to the field-free SO operator were considered-that is, the FC and spin-dipole interactions, as well as both the one-and two-electron SO interactions-in a quadratic response framework. The thirdorder contributions to the hydrogen shielding constant are significant and qualitatively similar for the H 2 X and HX systems. For the heavy nuclei, the signs of the various terms are different for the two series of molecules, leading to different degrees of cancellation.
The formally second-order SO interaction correction that arises from the magnetic-field dependence of the SO Hamiltonian was investigated using linear response theory. Here, the FC and SD interactions and the one-electron part of the field-dependent SO Hamiltonian were considered. The second-order effects are small for the 1 H and 13 C nuclei. For 1 H, the effect is to increase the shielding by a negligible amount, whereas a deshielding is observed for the carbon atom and the heavier nuclei considered, in the direction opposite to the third-order term. For the heavy nuclei themselves, the second-order terms are larger in magnitude than the third-order corrections, and the net SO effect on the heavy nuclei is therefore deshielding. The relative importance of the third-and second-order contributions depends on the system, as for example the former disappears altogether for rare gases due to the high atomic symmetry.
Whereas electron correlation decreases the calculated third-order SO corrections, the second-order terms are unaffected by it. The use of tight primitives have been shown to be necessary for obtaining basis set convergence in both the third-and second-order terms.
The SO corrected results are in good agreement with available experimental data, but in the case of the heavy nuclei, this may arise both due to a neglect of scalar relativistic effects in the calculations, and the fact that the experimental results have been derived using a nonrelativistic theory for the relation between experimentally observed spin-rotation constants and the nuclear shieldings. In the case of H 2 Se and H 2 Te, the basis values of the existing experimental absolute shielding scales may be overestimated.
The SO effect increases the shielding anisotropy of the heavy nucleus and decreases it in the light ligands. These changes are completely dominated by the third-order terms. The second-order SO effect on nuclear shielding due to the magnetic field dependence of the SO Hamiltonian appears to be an isotropic HAHA effect. To find out whether it contributes to the experimentally observable heavy-atom chemical shifts, further studies of the dependence of this contribution on the bonding situation are necessary. 
